We demonstrate that the pulsed-time structure and high-peak ion intensity provided by the laser-ablation process can be directly combined with the high resolution, high efficiency, and low background offered by collinear resonance ionization spectroscopy. This simple, versatile, and powerful method offers new and unique opportunities for high-precision studies of atomic and molecular structures, impacting fundamental and applied physics research. We show that even for ion beams possessing a relatively large energy spread, high-resolution hyperfine-structure measurements can be achieved by correcting the observed line shapes with the time-of-flight information of the resonantly ionized ions. This approach offers exceptional advantages for performing precision measurements on beams with large energy spreads and allows measurements of atomic parameters of previously inaccessible electronic states. The potential of this experimental method in multidisciplinary research is illustrated by performing, for the first time, hyperfinestructure measurements of selected states in the naturally occurring isotopes of indium,
I. INTRODUCTION
The experimental and theoretical study of atomic and molecular structures allows the exploration of a wide range of physical phenomena [1] . In the atom, for example, a precise knowledge of the interaction between the atomic nucleus and the surrounding electrons allows subtle details of the electroweak interaction to be studied and an exploration of the possible violation of fundamental symmetries [2, 3] . Moreover, atomic hyperfine-structure measurements provide access to nuclear electromagnetic properties that are key for our understanding of the nuclear many-body problem [4, 5] . Alongside the experimental progress, the development of many-body methods plays a central role as it provides the means to extract nuclear structure and fundamental physics observables from experimental measurements [6] [7] [8] .
From the experimental point of view, the precision frontier aims to provide a deeper knowledge of the underlying electron-nucleon interactions and to probe the existence of new physics beyond the standard model [3, 9, 10] .
On the other hand, the quest to explore the evolution of nuclear properties at the limits of stability has motivated the development of highly sensitivity techniques [11] [12] [13] . Although these experimental developments in precision and sensitivity impact different research fields, their direct applications in other disciplines are, in many cases, limited by the complexity of the experimental techniques. In this work, we present a simple yet powerful experimental approach that can be used to perform highly sensitive and precise measurements of atomic-and molecular-structure observables. The approach combines distinct features provided by pulsed-laser ablation [14] [15] [16] , with the recent developments of collinear resonance ionization spectroscopy (CRIS) at ISOLDE-CERN [11, 17] . The latter technique has been developed to perform hyperfine-structure measurements of short-lived radioactive isotopes using multiple laser fields to stepwise excite and ionize accelerated atoms. As the removal of an electron into the atomic continuum is typically a nonresonant process, high-power pulsed lasers are required for efficient ionization. These are commonly only available with low repetition rates (200 Hz). This has been a major limitation in the application of the collinear resonance ionization approach, as duty-cycle losses caused by the use of pulsed lasers with continuous ion beams dramatically reduce the method's efficiency [18] . Hence, the use of ion traps to bunch the ion beam in synchronization with the laser pulses has been crucial for the high efficiency of the CRIS technique [11, 19] . Thanks to advancements in ion traps, the high efficiency of the CRIS technique has been achieved [11] , more than two decades after its initial demonstration [18] .
In this work, we demonstrate that the pulsed-time structure of the ablation process can be used to avoid the technical complexity of using ion traps. Moreover, an inherent time-of-flight (TOF) mass separation provided by the use of accelerated ion beams, in addition to the kinematic shift of the atomic transitions and the high selectivity of the resonance ionization technique, allows ultralow-background measurements to be performed, without the need of mass-separation devices. We show that a significant enhancement in precision can be achieved by using the time-of-flight information of the laser-ionized ions. Such advantages provided by accelerated laserablated ions considerably simplify the CRIS approach and pave the way for applications beyond radioactive beam facilities.
The feasibility of the experimental scheme is demonstrated by performing, for the first time, isotope-shift and hyperfinestructure measurements of the 246.0-nm (5p 2 P 1=2 → 8s 2 S 1=2 ), 246.8-nm (5p 2 P 3=2 → 9s 2 S 1=2 ), and 283.7-nm (5p 2 P 3=2 → 5s5p 2 4 P 5=2 ) transitions in the naturally occurring indium isotopes,
113;115
In. We have chosen atomic indium (In) to illustrate the impact of our findings in multidisciplinary research, as it exhibits distinct properties that are of interest in nuclear structure, atomic physics, and studies of fundamental symmetries. (i) It has been proposed as a candidate for electric dipole moment (EDM) measurements [20] . Furthermore, its properties constitute a testing ground for atomic-physics calculations directly applicable to other elements of interest in fundamental-physics research, e.g., thallium (Tl), rubidium (Rb), and cesium (Cs) [21] [22] [23] [24] [25] . High-precision measurements of parity nonconservation (PNC) [26, 27] and EDM [28] have been performed in the Tl atom, which is a homologous three valence-electron system from the same periodic group as In. However, conclusive findings from high-precision experiments in these atomic systems are limited by the accuracy of the theoretical calculations needed to disentangle fundamental-physics parameters from atomic observables [22, 23, 26, 29] . (ii) The matrix elements of weak-interaction Hamiltonians involved in the electron-nucleon interaction are not experimental observables; quantifying the uncertainty of their theoretical predictions is therefore of paramount importance. Since these matrix elements, as well as the hyperfine interactions, originate from the interaction between the electrons and the atomic nucleus, PNC and EDM calculations are usually adjudged by comparing calculated magnetic dipole hyperfine-structure constants with available measurements [20] [21] [22] . In this work, we have measured, for the first time, the hfs constants of atomic states in In that are relevant in these studies. (iii) Because of the large interest in the indium atom, high-precision values are available in literature for several atomic states. These high-precision data provide an excellent case to benchmark the results of our experimental method. (iv) With a single proton hole in a nuclear closed shell, the indium isotopes (Z ¼ 49) are of marked importance for nuclear structure studies [30, 31] . We have studied the sensitivity of different atomic states to nuclear structure observables, and their feasibility for future studies with short-lived isotopes. This information is crucial for the success of a current experimental program approved at CERN on the study of rare indium isotopes [32] . (v) Presently, the uncertainties of the nuclear quadrupole moments and nuclear charge radii of the indium isotopes are limited by the accuracy of the atomic many-body methods used to extract nuclear structure parameters from hyperfinestructure measurements. Testing the reliability of the available atomic many-body methods is critical to assess the accuracy of the atomic calculations used to extract nuclear structure information. The importance of our results in the development of atomic-physics theory and their relevance for studying fundamental and nuclear structure physics is highlighted through the comparison with ab initio atomic-physics calculations. ablation and surface ionization. A schematic of this setup is shown in Fig. 1 . A simple ion extraction system allows a fast exchange between the two ion-source types without requiring modification of the ion-beam optics. A hot-capillary tube is used for surface ionization. Alternatively, a pulsed-laser beam perpendicular to the ion-beam axis can be used to ablate material from solid targets. Different materials can be selected from a sample holder installed on an adjustable linear feedthrough.
The surface ion source can produce relatively pure continuous ion beams with an energy spread of about 1 eV. However, surface ionization is limited to elements with low ionization potentials [33] . The ablation ion source can be used to produce ions of a wide range of elements that are not accessible by surface ionization [34] . Furthermore, ions ablated by pulsed lasers exhibit unique features such as a pulsed time structure and a high peak intensity. These characteristics are essential to performing high-efficiency collinear resonance ionization spectroscopy, as it guarantees an ideal temporal and spacial laser-atom overlap. However, the complexity of the ablation process [35] [36] [37] has the potential to create a large range of energy spreads, which could impose a major disadvantage for using ablation sources in precision studies. Our results directly address these issues, demonstrating that high-precision measurements on laser-ablated ions can be achieved, even for ion beams with a large energy spread.
The indium isotopes studied in this work were ionized by laser ablation from 532-nm laser pulses focused on a solid indium target with a purity of 99%. The ablated ions were accelerated to 20 keV using a multiple-step extraction system (see Fig. 1 ). An electrode maintained at a negative potential (Ext 3) with respect to the ion-source potential (þ20 kV) was used to extract the ablated ions. The extracted ions were then refocused and redirected into an extractor electrode located at ground potential (Ext 4), accelerating the ion beam up to the final energy (20 keV) . A set of horizontal-and vertical-electrostatic plates were used to direct the ion beam into the center of an einzel lens (L2). The latter is used to correct the focusing effect caused by the high extraction voltage. Ablated ions were produced with several charge states. However, the electrostatic deflectors along the beam path serve as energy selectors, and the time-of-flight information of the ion bunch can be used to select the singly charged indium ions of interest.
B. Laser system
An injection-seeded titanium-sapphire (Ti:sapphire) laser system was used to provide the narrow-band laser pulses (∼50 MHz) [38, 39] . Seeded by continuous-wave light provided by an M-Squared SolsTiS Ti:sapphire laser, the injection-seeded cavity was pumped by a Q-switched Nd∶YAG laser (Lee Laser LDP-100MQG) at a repetition rate of 1 kHz. The required wavelengths for the resonance transitions (246.0, 246.8, and 283.7 nm in Fig. 2 ) were produced by frequency tripling the injection-seeded light with two nonlinear crystals. The 410.2-nm light was produced by frequency doubling the injection-seeded light with one nonlinear crystal. The laser frequencies were scanned by tuning the M-Squared wavelength, and measured with a WSU-2 HighFinesse wavelength meter. The wavelength meter was calibrated by measuring a reference wavelength provided by a stabilized diode laser (Toptica DLC DL PRO 780), which was locked to an atomic transition in rubidium. The resonant step corresponding to the 571.0-nm transition was obtained from a Spectron PDL SL4000 laser, pumped by a high-energy Nd∶YAG laser (Litron TRLi 250-100) Q switched at a repetition rate of 100 Hz. The 1064-and 532-nm nonresonant ionization steps were provided by a high-energy Nd∶YAG laser (Litron LPY 601 50-100 PIV) Q switched at a repetition rate of 100 Hz. The laser beam waist along the laser-atom interaction region was approximately 8 mm, with a fluence of 120 and 60 mJ=cm 2 for 1064 and 532 nm, respectively. An independent head of the Nd∶YAG laser provided 532-nm pulsed laser light used for the ablation ion source. These laser pulses were focused into the ablation target with a laser beam waist of approximately 1 mm, corresponding to a fluence of 0.5 J=cm 2 . A Quantum Composers 9528 digital delay pulse generator was used to synchronize the laser pulses with the ablated ions.
C. Collinear laser spectroscopy
The acceleration of the ions to the final energy E significantly reduces the velocity spread of the ion beam. As the initial energy spread δE is conserved through acceleration, the velocity spread of the accelerated beam is reduced by δν ¼ δE= ffiffiffiffiffiffiffiffiffi ffi 2mE p , where m is the mass of the ion. This reduction of Doppler broadening and the optimal overlap between the atoms and the laser beams are some of the main advantages of performing laser spectroscopy on accelerated beams for high-resolution studies [40, 41] . An energy spread of 10 eV, for example, causes a Doppler broadening of 27 GHz at wavelengths around 246 nm. This large Doppler broadening does not allow individual transitions between different hyperfine-structure levels to be resolved, which are typically separated by less than 1 GHz. However, by accelerating the ions up to 20 keV, the velocity spread decreases significantly, reducing the Doppler broadening between 100 and 400 MHz. This velocity-spread reduction of nearly 2 orders of magnitude allowed a complete separation of the hfs peaks for the In atomic transitions studied. As we explain in Sec. IVA, further reduction of the Doppler broadening down to 50 MHz was achieved through correction of the resonant line shape using the time-of-flight information.
After the 20-kV acceleration, the bunches of laserablated ions were redirected into the CRIS experiment at ISOLDE-CERN [11, 17] . A schematic of the experimental setup is shown in Fig. 3 . As the states of interest are in atomic indium, the ions were neutralized in flight by using a sodium-vapor cell at approximately 250°C. After the neutralization process, the non-neutralized ions are removed by an electrostatic deflector. The neutral atoms follow a straight path towards an interaction region held at 3 × 10 −10 mbar, where they are collinearly overlapped with the laser pulses. In this region, a narrow-band laser pulse is used to resonantly excite the indium atoms to the atomic state of interest. The use of pulsed lasers provides significant advantages for performing resonance ionization. The high-peak photon densities produced by pulsed lasers allow transitions to be easily saturated, allowing efficient resonance ionization to occur. This high peak-photon density means that production of deep-UV light can be achieved with relatively simple setups when compared to the expensive and complex setups required for efficient higher-harmonic generation of continuous-wave light. A second high-power laser pulse (532 or 1064 nm) is used to promote the electron from the excited state into the atomic continuum. The resonantly ionized ions are then separated from the noninteracting atoms via electrostatic deflector plates, and are detected by a microchannel plate (MCP) particle detector. The background associated with the dark count rate of the MCP and collisional ionization of beam contaminants is highly suppressed by setting a 4-μs gate on the signals, corresponding to the time of flight of the atom bunch of interest along the interaction region.
The insets in Fig. 3 show the simulated hfs spectra for 113 In and 115 In in the 246.8-nm transition. At rest, the hfs Experimental setup used for the study of indium isotopes. Bunches of laser-ablated indium ions were accelerated up to an energy of 20 keV and neutralized in flight by a neutralization cell loaded with sodium. Remaining ions were removed by an electrostatic deflector, and the neutralized atoms followed a straight path towards an interaction region, where they were collinearly overlapped with the laser beams. The hyperfine-structure spectra were measured by recording the count rate on the MCP detector as a function of the resonant laser frequency. The insets show the simulated hfs spectra for
113
In and
115
In using the 246.8-nm transition. The spectra are compared with the Doppler-broadened spectrum (red color) and Doppler-free spectra for ions at rest and accelerated up to 20 keV. spectra of these two isotopes exhibits a large overlap. Therefore, they are particularly difficult to separate with conventional resonance ionization mass spectroscopy techniques (RIMS) such as in-source RIMS (Doppler-broadened hfs spectra) and cross beam RIMS (Doppler-free) [42] . However, for accelerated ions, the kinematic shift at 20 keV provides a clear separation of both hfs spectra.
III. ATOMIC THEORY AND COUPLED-CLUSTER METHOD
The first-order change in the energy of an atomic energy level with angular momentum J due to the magnetic dipole (M1) and electric quadrupole (E2) hyperfine interactions in atomic units (a.u.) is given by [43] 
which are conveniently expressed as
and
The A hf and B hf constants are defined as
hJjjT ð2Þ e jjJi; ð5Þ
respectively. With μ N the nuclear magneton, Q the spectroscopic nuclear quadrupole moment, and the gyromatic factor g I ¼ μ I =I, defined as the ratio between the nuclear magnetic moment μ I (in units of nuclear magnetons) and nuclear spin I. In the above expressions, the operators are the electronic components of hyperfine interactions, whose single-particle matrix elements are given by
and hκmjt ð2Þ q jκ 0 m 0 i ¼ −hκmjC
where κ i is the relativistic angular-momentum quantum number of the ith Dirac orbital with the large radial component P i and the small radial component Q i .
To obtain the single-particle orbitals, the Dirac-HartreeFock (DHF) approach is considered for calculating the mean-field wave function (jΦ 0 i) of the closed-shell configuration ½5s
2 of In þ . For this purpose, the Dirac-Coulomb (DC) atomic Hamiltonian is used, accounting for corrections due to the Breit and quantum electrodynamics (QED) interactions [44] . For the initial construction of the orbitals for DHF wave functions, analytical basis functions having quadratic-type exponents are used, labeled as quadratic-type orbitals (QTOs). After obtaining jΦ 0 i with different levels of the approximations in the Hamiltonian, the mean-field wave function of the ground and excited states of In with the closed-shell configuration ½5s 2 and a corresponding valence orbital v is defined as jΦ v i ¼ a † v jΦ 0 i. These approximated valence orbitals are the virtual orbitals of the DHF wave function of the closed-shell configuration. To account for the electron-correlation effects due to the residual Coulomb (and Breit) interactions in the DHF method, a relativistic coupled-cluster (RCC) approach is used to determine the atomic wave functions. In the RCC ansatz, wave functions of an atomic state with a closed core and a valence orbital are expressed as [20, [45] [46] [47] [48] [49] 
where T and S v are the excitation operators carrying out the core-core and core-valence electron-correlation effects, respectively. By defining the normal order Hamiltonian with respect to the reference state jΦ 0 i and for the electron affinity (ΔE v ) energy for the valence electron v from In þ , the amplitudes of the T and S v RCC excitation operators are obtained by solving the following equations:
withH ≡ e −T He T . The superscript Ã over the reference states indicates that they refer to the excited determinants with respect to the reference states. The subscript N specifies that the operators are in the normal-order form. In our ab initio approach, the ΔE v value is obtained by
Since Eqs. (12) and (13) are interdependent, they are solved simultaneously after obtaining the solutions from Eq. (11). We consider all possible singles and doubles excitations through the RCC operators [referred to as the coupledcluster singles doubles method (CCSD)] by defining
In our CCSD method, the T 1 and S 2v operators generate onehole one-particle excitations independently from the reference state jΦ v i. When these operators act together on the ½4d 10 5s and ½4d 10 5p 1=2;3=2 configurations in the nonlinear form, they also generate the 4d 9 5s 2 and 4d 9 5s5p configurations, respectively. Though the CCSD method accounts for higher-level excitations than the singly and doubly excited determinants through the nonlinear terms, it still misses out on contributions from some of the important lower-order triply excited determinants. Exact inclusion of these excitations is computationally very expensive. To account for lower-order contributions from them, we define the perturbative core and valence triple excitation operators as
where a, b and p, q, r indices represent the occupied and unoccupied orbitals, respectively, and ϵ s are their corresponding DHF orbital energies. We include these operators in the amplitude and energy solving equations of the CCSD method.
Using the amplitudes of the RCC operators, the expectation values of the respective hyperfine interaction operator O ≡ T ð1Þ e and O ≡ T ð2Þ e for a given state jΨ v i are determined by
whereŌ ¼ e T † Oe T andN ¼ e T † e T are two nontruncative series appearing in the above expression. These terms are evaluated in iterative procedures, as discussed in our recent works [44] [45] [46] . We also estimate contributions from the perturbed triple excitation operators by substituting them in the property evaluating expression as
withŌ ob the effective one-body terms ofŌ. The differences between the results from the CCSD method and after incorporating the triple excitation operators in the above expressions are quoted as the estimated contributions from the "triples" excitations. In this work, the singles, doubles, and partial triples excitation approximation RCC theory is denoted as the CCSD(T) method. To estimate the uncertainties, we have assumed the triples contributions as the maximum errors due to the neglected higher-level excitations and possible errors due to use of the finite-size basis functions. The latter contributions are obtained by analyzing results using a lower-order many-body method.
IV. RESULTS
The resonance ionization schemes used in this work are shown in Fig. 2 . Four different resonant transitions were studied during the experiment: 246.0 nm (5p 2 P 1=2 → 8s 2 S 1=2 ), 246.8 nm (5p
P 5=2 ), and 410.2 nm (5p
The hfs spectra corresponding to the transitions between different hyperfine states were measured by recording the ion count rate on the MCP detector as a function of narrow-band laser frequency. Examples of the hfs spectra measured for two different extraction field configurations around the ablation plume are shown in Fig. 4 . For the larger extraction potential, an extraction field of 5 V=mm around the ablation plume was calculated from simulations using the software package COMSOL [50] [ Fig. 4(a1) ]. The measured time-of-flight distribution exhibited a tail of slower ions [ Fig. 4(a2) ], and pronounced asymmetric shapes were observed in the hfs spectrum, with a FWHM of 400(50) MHz [ Fig. 4(a3) ]. For "zero" extraction field, the calculated extraction field was 0.02 V=mm, associated with the penetrating field from the large potential difference between the ion-source potential (þ20 kV) and ground potential [ Fig. 4(b1) . In this configuration, the tail of the TOF distribution was significantly reduced [ Fig. 4(b2) ], as well as the asymmetry in the observed hfs spectrum [ Fig. 4(b3) ]. FWHM values between 80 and 120 MHz were obtained for this extraction potential. All electrostatic elements were optimized for the zero extraction field setting, and the same values were used when the extraction field was applied. In the latter configuration, the integrated intensity of the ions detected on the MCP increased by about 30%. However, this value could potentially be improved with additional beam diagnostic elements that could allow a fast optimization of the ion beam optics for each extraction potential.
The asymmetric line shapes in the measured spectra are attributed to the velocity distribution of the ions generated in the ablation process and the extraction geometry of the source. The ion velocity distribution at the source can be described by a Maxwell-like distribution that takes into account the temperature distribution of ablated ions, and a long tail extended towards higher energies due to additional laser-generated plasma effects [51] [52] [53] . The asymmetry of the line shape was found to increase with the extraction field. Depending on the extraction potential, FWHM values between 80 and 400 MHz were obtained for the measured hfs spectra. This value reflects the temperature of the lasergenerated plasma in the ablation process and the extraction field around the ablation plume. As presented in the following section (Sec. IVA), higher-precision measurements with symmetric line shapes and FWHMs of about 50 MHz were achieved by correcting the hfs spectra with the TOF information of individual ions.
A. Time-of-flight corrected line shapes
The count rate of resonant ions detected on the MCP and the corresponding excitation laser frequency were recorded with a time stamp of 500-ps time resolution. An example of the observed correlation for these two parameters, during the hyperfine-structure scan for the 246.8-nm line of
115
In, is shown in Fig. 5 . The surface plot shows the counts on the MCP detector as a function of the laser frequency and TOF of the ions arriving on the MCP detector. The figure shows the measurements for a large extraction voltage, with an extraction field of 5 V=mm [Fig. 4(a1) ]. The shape of these distributions was found to depend on the extraction voltages applied to the elements around the ablation target. At the top of Fig. 5 , the dark orange histogram shows the total hfs spectrum, which exhibits a pronounced asymmetric line shape with FWHM values between 300 and 400 MHz. The light orange histograms in Fig. 5 show examples of the obtained hfs spectrum for different TOF In. Examples of hfs spectra obtained for different TOF cuts are shown in light orange. The total hfs spectrum without TOF correction (orange) is compared with the total TOF-corrected spectrum (blue).
cuts. Such TOF cuts allowed symmetric line profile with FWHM values below 100 MHz to be obtained. This TOF selection is equivalent to selecting a group of ions with reduced energy spread. When the same procedure is applied to the measurements performed with zero extraction potential (0.02 V=mm around the ablation plume), perfectly symmetric line shapes with FWHM values down to 50 MHz were obtained for the extracted hfs spectra. This resolution is limited by the linewidth of the laser system used during the experiments, and could potentially be improved [54] .
The measured laser frequencies and TOF of the ions were found to follow a simple correlation (Fig. 5) . To obtain this correlation, the total TOF distribution was divided in TOF cuts of 100 ns each, and the hfs spectrum corresponding to each TOF cut was fitted independently. The fitted hfs centroids were used to derive a corresponding frequency versus TOF dependence. The peak position of each hfs spectrum was frequency shifted by the fitted frequency versus TOF relation, and the total TOF-corrected hfs spectrum was obtained as the sum of the individual frequency-shifted hfs spectra. The blue histogram in Fig. 5 shows total TOF-corrected hfs spectrum. Examples of TOF-corrected hfs spectra measured for each transition using zero extraction field are shown in Fig. 6 .
For the 246.0-and 246.8-nm transitions, a complete hfs scan (Fig. 6 ) was measured in approximately 5 min at a scanning speed of 15 MHz=s. Because of the large hyperfine splitting of the 410.2-nm (∼30 GHz) and 283.7-nm (∼100 GHz) transitions, approximately 20 min and 1 h were required, respectively, to complete the hfs scans for these transitions. An estimated 10 5 -10 6 ablated ions/s arrived in the interaction region. For 115 In, average rates of 500 ions=s were observed from the resonance peaks in the measured hfs spectra, giving an overall efficiency higher than 0.05%. This total efficiency includes the neutralization fraction, ion-beam transport, ionization, and particledetection efficiency. The ion-beam optics at the CRIS beam line were optimized for accepting ion bunches of low emittance from a radio-frequency ion trap installed at the ISOLDE facility. A large fraction of efficiency loss due to the ion-beam transport from the ablation to the MCP detector (about 6 m) was expected. Therefore, it could be further improved in a dedicated setup.
Similar to the TOF cut employed to select the hfs spectra, a frequency gate can be applied to select TOF events. As the hfs spectra of the two indium isotopes are clearly resolved, a frequency gate can be used to individually study the TOF distribution of each isotope. The frequencygated TOF distributions of both isotopes are shown on the right-hand side of Fig. 7 . As seen from the figure, the TOF distributions of
113
115
In overlap in time, and due to the large difference in natural abundance, such a mass separation would not be possible without a frequency selection.
B. Isotope shifts and hyperfine-structure constants
The experimental magnetic dipole A hf and electric quadrupole B hf hfs constants were extracted from the fit of Voigt profiles to the experimental spectra by using a χ 2 -minimization technique [55] . The differences between the observed peak positions provide the shift of the hyperfine levels F from the unperturbed position (or centroid) [40] , R. F. GARCIA RUIZ et al.
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041005-8 In is shown in Fig. 8 . Typically, reduced χ 2 values between 1 and 2 were obtained for all of the fitted hfs spectra.
A resolution of about 80 MHz was obtained for zero extraction voltage, and the TOF correction allowed almost perfectly symmetric line shapes to be achieved with FWHMs down to 50 MHz (Fig. 8) In are listed in Table I .
To investigate the influence of the TOF correction, the hfs parameters were analyzed for different extraction voltages with and without TOF correction. An example of the results obtained for the 246.8-nm transition of 115 In is shown in Fig. 9 . The extracted hfs parameters for two different extraction fields and respective TOF corrections are compared with our reported values presented in Table I . In general, a good agreement was found among the different approaches, but considerably smaller statistical uncertainties were obtained when the TOF correction was applied.
Our measured hfs values, reported in Table I , are in good agreement with previously reported values for the 2 P 1=2;3=2 states. For the P 5=2 , two measurements of the magnetic dipole constant are reported in the literature. Our new results agree with the value reported in Ref. [62] , improving the uncertainty of this value by more than 1 order of magnitude. For the
113
In isotope with a lower natural abundance of 4.3%, less experimental information is available. In the current approach, both isotopes can be clearly separated and measurements can be performed with a low background (see Fig. 6 ). A complete scan for this isotope was performed with a similar time as for The mass-separation power can be quantified by the selectivity parameter, S ¼ ðΔω=ΓÞ 2 , which relates the maximum frequency separation between two isotopes Δω and the resolution of the observed hfs peaks Γ. We have achieved a selectivity of 2 × 10 4 at 20 keV for the 246.8-nm transition. As illustrated in the insets of Fig. 3 , using traditional RIMS techniques (at rest), the hfs spectra of both isotopes present a large overlap. For the same hfs resolution, the selectivity obtained at 20 keV is 600-2600 times higher than the value at rest.
A relative isotopic composition of

In=
115
In ¼ 4.30ð16Þ% was obtained from the ratio between the integrated counts in the measured hfs spectra. Although further studies are needed to verify the accuracy that can be reached in the determination of isotopic compositions, our results are very encouraging. This can be compared with standard techniques, e.g., laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), which reaches a typical precision of a few percent [64] . The determination of isotopic compositions in materials has applications in diverse fields such as environmental sciences, geology, archaeology, biology, and medicine [65] [66] [67] .
In order to identify other possible sources of systematic uncertainties, the hfs values for each transition were extracted for different experimental conditions as well as different considerations during the data analysis. The latter was affected mainly by different binning choices in time In in the 246.8-nm transition using "zero" extraction field. The total number of counts are normalized to 100 at the highest peak. The continuous lines show the fit with Voigt profiles. The residuals for the fit are shown on the bottom figure. and frequency. Table II shows the parameters that contribute significantly to the extracted isotope shifts and hfs values. The ion energy includes the uncertainty on the acceleration voltage and extraction potential. This parameter presents the largest contribution to the isotope-shift uncertainties. The laser frequency calibration and possible wave meter shifts and nonlinear effects that can be present during the laser scan are listed as "Wave meter cal." This was the main source of systematic errors for the extracted hfs values. The uncertainty due to the possible variations to the binning and fitting procedures was included as "Data analysis" in the same table.
The offset between the time-of-flight distributions of
113
In, Δt (see Fig. 7 ) was used in the line shape correction before extracting the isotope shift. The extracted isotope shifts for different hfs measurements (scans) are shown in Fig. 10 with and without applying the Δt correction. As the isotope shifts compare two different masses, a direct measurement of Δt is needed. On the other hand, the hfs parameters are extracted for each isotope independently, and do not depend on this offset. The final results for the isotope shifts between
115
113
In for the different transitions studied are shown in Table III . This work reports the first measurements of the isotope shifts for the 246.0-and 246.8-nm transitions. For the 410.2-nm line, our result is in good agreement with the literature value.
The uncertainty of the reported isotopes shifts is dominated by the uncertainty of the ion-beam energy. Independent high-precision measurements of isotope shifts could be used to calibrate the ion-beam energy and improve considerably the uncertainty of our measurements. Moreover, frequency-comb-based laser spectroscopy with simultaneous collinear and anticollinear experiments could be used to remove the dependence on the beam energy [69] . Our experimental scheme would allow high-precision measurements of isotope shifts over isotope chains of naturally occurring elements. Isotope shifts provide a striking test of many-body methods as they are highly sensitive to electron-correlation effects [70, 71] . Recently, isotope shifts measurements were proposed as a method to explore the existence of new forces with unprecedented sensitivity [2, 3, 72] . High-precision systematic measurements of various atomic transitions in different isotopic chains will be of great relevance in these studies [73] . 
C. Ab initio many-body calculations
Relativistic coupled-cluster calculations in the singles and doubles excitation approximation (CCSD) were performed, including corrections over the Dirac-Coulomb Hamiltonian due to the Breit and lower-order quantumelectrodynamics interactions (see Sec. III). The calculated values for the ratio between A hf and the nuclear gyromagnetic factor g I , as well as the ratio between B hf and the nuclear quadrupole moment Q of six low-lying states of In, are listed in Table IV . Results are presented using the DiracHartree-Fock and CCSD methods. Corrections from the Breit interaction, QED effects, and triples are also quoted explicitly from the CCSD method. As can be seen from the differences between the DHF and CCSD values in Table IV , the degree of electron-correlation effects involved in the determination of the above quantities is different in each state. Especially in the 5p 2 P 3=2 state, the DHF value for A hf =g I is larger than the CCSD result, whereas the opposite is true for the other states. The trend is also different in the evaluation of the B hf =Q value from the A hf =g I result. Corrections from both the Breit and QED interactions do not change the results substantially. However, we found the triples contributions are significant. The possible uncertainties for the calculated values are presented at the bottom of the table. Contributions from higher-level excitations in the CCSD method have not been taken into account. These higher-level excitations are expected to be smaller than the triples contributions, but could add sizable contributions to the theoretical uncertainties.
D. Atomic-physics results
An independent comparison of the calculations with the measured dipole hfs constants is possible by using the wellknown nuclear magnetic moment and spin of each isotope. Theoretical values are compared with the experimental results in Table I . Small nuclear-size effects are neglected in the calculations of the atomic wave functions of
113
115
In. Such a comparison cannot be performed for the B hf constants, as there are no available model-independent measurements of the nuclear quadrupole moment for these isotopes. Overall, we find a good agreement between the experimental results and the calculations including contributions from triples. The uncertainties in the calculations could be further reduced by including full triples excitations.
The errors in the evaluation of weak-interaction Hamiltonians of both PNC and EDM studies are determined by evaluating the off-diagonal matrix elements of the magnetic dipole interaction Hamiltonian, which are In were analyzed for two different extraction fields, estimated as 5 V=mm (high) and 0.02 V=mm (low). The results are compared with (corrected) and without (no correction) TOF correction, including statistical uncertainties only. The shadow areas show our final reported values including statistical and systematic uncertainties (see Table I ).
assumed to be proportional to square-root values of the A hf values of the associated states in the matrix elements [20, 21, 29, 74] . In the indium atom, the A hf values of the 5p 2 P 1=2 and 6-9s 2 S 1=2 states were shown to provide the leading contributions to assess the accuracy of these Hamiltonians [20] . Our new results for 8s 2 S 1=2 and 9s 2 S 1=2 complete the experimental knowledge for all relevant states in this atom. Theoretical predictions for these states in
In were reported in Ref. [20] using the CCSD method with the DC Hamiltonian and considering Gaussian-type orbitals (GTOs). The present theoretical calculations differ slightly in all of the states; however, a significant difference is observed for the 9s 2 S 1=2 state. Our theoretical results reported here are in good agreement with the new measurements. The small differences between the calculations are mainly due to two reasons: the inclusion of higher relativistic corrections and the inclusion of higher nonlinear terms [fromŌ andN in Eq. (17)] through iterative procedures that were truncated only at the linear terms in T and T † in Ref. [20] (see Sec. III). The reason for the large discrepancy in the 9s 2 S 1=2 is mostly due to the use of quadratic-type orbitals (QTOs) instead of GTOs as basis functions. Since this state is close to the continuum, it has a larger overlap with the nucleus and the QTOs are able to describe its wave function better than the GTOs.
Additional theoretical calculations have reported A hf values for the ground and excited states in
In only considering the linear terms from the CCSD method (SD method) [58] . We find significant differences between the results from the SD and CCSD methods (see Table I ). This implies that including nonlinear terms of the RCC method is very important to accurately describe electron-correlation effects in the indium atom. In (see Fig. 7 ) was used to extract the isotope shifts for each transition. Results are shown with (orange) and without (blue) applying the Δt correction. The average values are shown with statistical uncertainties only. 
E. Nuclear structure results
Nuclear magnetic dipole moments and electric quadrupole moments can be extracted from the measured hyperfine-structure constants, provided that the atomic-physics part is known. The calculated A hf =g I ¼ 1847ð20Þ MHz value (Table IV) was used to obtain the magnetic moments from the measured A hf ð 2 P 1=2 ) parameters, neglecting the small hyperfine anomaly in the indium atom, which is less than 0.003% [75] . The results for the nuclear moments are listed in Table V . The extracted nuclear magnetic moments for 113 In and 115 In are in good agreement with the literature values.
The calculated B hf =Q factor was used to extract the nuclear quadrupole moments from the measured B hf ð 2 P 3=2 Þ factors for both isotopes. The calculated result for this factor is presented in Table IV . The final value after Breit and QED corrections is reported as B hf =Q ¼ 576ð4Þ MHz=b, including the uncertainties from the contributions of neglected triple excitations in the coupled-cluster expansion. The extracted nuclear quadrupole moments are included in Table V. For   115 In, the previous most precise value for the quadrupole moment was determined using quantum-chemical calculations from a measurement of the quadrupole-coupling constant in a molecule [77] . As seen from Table V, our results agree with the literature values, and the uncertainty of the quadrupole moments for both isotopes has been improved by combining our new theoretical calculations and high-precision measurements. The uncertainties on the extracted nuclear observables is mainly dominated by the uncertainties of the theoretical calculations.
The 246.8-nm transition studied in this work was shown to be sensitive to both nuclear magnetic moments and electric quadrupole moments. Moreover, it exhibits considerable advantages with respect to the other transitions previously studied. The hfs parameters A hf and B hf have a similar magnitude and are large enough to be measured with relative uncertainties lower than 1% and 5%, respectively. Furthermore, the relatively small hyperfine structure (< 5 GHz) of this transition is ideal for experiments with radioactive isotopes, which are typically performed over a period of only a few days. Scanning speeds as low as 10 MHz=min are needed for the study of exotic radioactive isotopes, which can be produced with yields of just a few ions/s. While a complete scan of the 246.8-nm transition would take about 8.3 hours at this scanning speed, more than 24 hours would be needed for transitions with a splitting larger than 15 GHz, e.g., 283.7-nm transition. This considerable reduction of scanning time is decisive for online experiments with radioactive isotopes that must cope with the short-time availability at radioactive-beam facilities. An experimental research program that will make use of this transition for the study of exotic indium isotopes is ongoing at ISOLDE-CERN [32] .
V. FUTURE PERSPECTIVES
The experimental method as presented here can be applied to study atomic-physics parameters of other elements of fundamental-physics interest such as Cs, Tl, and Hg. By varying the time delay between the probe laser and the ionization pulse, and taking the normalized measurements for each ion bunch, lifetime measurements of atomic states could also be performed. Such lifetime measurements can provide valuable complementary information for atomic-physics theory and testing of weak-interaction Hamiltonians [79] . These studies can be extended to ions in different charge states created in the laser-ablation process. A unique advantage of the present approach is the possibility of studying high-lying atomic states, which can be accessed using metastable states populated in flight after the neutralization process. It opens up the possibility to perform experiments on elements that have not been studied yet by high-precision laser spectroscopy, e.g., carbon isotopes. These isotopes are of the utmost importance for nuclear structure [80] [81] [82] as well as Earth and environmental sciences [83] , but are out of reach for the current laser-spectroscopy methods. For these isotopes the transitions from the ground states lie in the extreme ultraviolet region, which is not accessible by available high-resolution laser technology. However, after neutralization with a vapor gas, a small fraction of the ion beam would be neutralized into a high-lying metastable atomic state, from which atomic transitions in laser accessible ranges are available. This neutralization process and subsequent population of different atomic states provides a means of preparing atomic states of interests for hfs measurements.
The possibility of performing the spectroscopy directly on pulses of ablated ions without the use of an ion trap presents a major advantage in the study of light elements. Light elements are particularly challenging for ion trapping for several reasons. In addition to be highly reactive, the stability parameter of radio-frequency traps is inversely proportional to the ion mass [84] . Therefore, larger radio frequencies are needed, which can increase the kinetic energy of the ions and reduce the trapping efficiency [85] . Additionally, the requirement of H 2 as a buffer gas to efficiently trap light elements imposes major technical difficulties.
Our experimental method can be applied to investigate the structure of molecular species. It has been shown that molecular systems provide suitable physical systems for studies of fundamental symmetries with unprecedented sensitivity [9, [86] [87] [88] [89] . However, the experimental knowledge of molecules is scarce, and in most of the cases, quantum-chemistry calculations constitute the only source of information. Fluoride molecules, for example, can be produced by laser ablation. This, combined with the high efficiency of the collinear resonance ionization method and the use of broadband and narrow-band pulsed lasers, would allow one to scan large frequency spaces in realistic short timescales, typically of a few days only. Such measurements can provide excitation energies, ionization potentials, and molecular hyperfine-structure parameters to benchmark quantum-chemistry calculations and support the development of laser-cooling schemes for higher precision studies [90] . Although advances have been made in the spectroscopy of molecules, very little is known about the fine and hyperfine molecular coupling constants as well as their isotopic dependence [91] . Our approach would offer unique advantages in these studies, as it can be applied to both neutral and ionic molecules with different isotopic compositions. The high sensitivity of our method is crucial to study complex molecular structures that are not accessible by optical techniques due to the broad distribution of states. Currently, several neutral molecules are of great interest for fundamental physics studies whose lasercooling schemes remain unknown [92] . Moreover, our approach could provide access to study ionic molecular states that are not accessible within ion traps, e.g., due to unavoidable distributions of states within the trap [93] .
As shown in this work, the hfs spectra of the two stable indium isotopes were clearly separated and measured with low-background conditions. Moreover, at 20 keV, a gain in selectivity of more than 2 orders of magnitude is obtained with respect to traditional RIMS techniques. These results present a step forward to reach the predicted sensitivity of the collinear resonance ionization approach, to perform hfs measurements in elements with relative abundances as low as 1∶10 10 [94] . A particle detector in the atom path will allow normalization of the ion-beam current for individual ion bunches. This can be used as a normalization factor to correct any ion-source instability. Such a normalization can be very important for measurements that require knowledge of the ion count rate at different times, e.g., lifetime measurements of atomic states and relative isotope abundance. This type of neutral detector, which is capable of operating in the presence of high-power laser pulses, has been developed for the study of negative ions [95] . A precise determination of the concentration of lowabundance elements in low-background conditions has a direct impact in geophysics and cosmochronology studies [96] [97] [98] [99] .
The understanding of laser-generated plasmas has gained attention due to its importance for studies of laser-matter interaction in strong fields [100] [101] [102] [103] [104] as well as its applications to different research areas [105] [106] [107] . By performing high-resolution hfs measurements on wellknown transitions of atomic species generated in the ablation process, properties of the laser-generated plasma can be extracted. As the profile and width of the measured hfs peaks are sensitive to the initial conditions of the ablated ions, this approach can be used to determine their velocity distribution. Simultaneous measurements of the TOF and the ion-beam energy spread could offer complementary information to investigate the ablation process. These experiments would also allow a precise identification of the ablated products that are created in different charge states. Systematic studies of these parameters and their influence in the observed hfs spectra for different laser fluences, laser wavelengths, and pulse duration on different ablation materials will be investigated in a forthcoming publication.
VI. CONCLUSIONS
We demonstrate that the use of accelerated laser-ablated ions avoids the technical complexity of ion traps and massseparation devices, considerably simplifying the application of the CRIS approach, and placing the experimental method at the scale of tabletop experiments. This provides major and unique advantages with respect to existing methods: (i) the experimental method can be applied to both atoms and molecules in both neutral and ionic states, (ii) it provides significant advantages to study elements that are highly reactive, for which the production and trapping are particularly challenging, (iii) in-flight neutralization allows high-lying metastable states to be studied, which are not easily accessible by other means, (iv) spectroscopy can be performed directly on highly intense ion bunches (>10 6 ions/bunch) created by laser-generated plasmas, which would be unfeasible using ion traps due to space-charge limitations, (v) these properties combined with the high selectivity, low background, and high efficiency open up new opportunities to perform high-precision experiments on a wide range of elements and on isotopes with extremely low natural abundances. This is critical for applications in molecular spectroscopy and trace analysis studies.
Despite the energy spread of the probed ion beam, highresolution measurements were achieved by applying a TOF correction to the observed hyperfine-structure line shapes. To our knowledge, this is the first time that this approach has been implemented with collinear laser spectroscopy.
These results open up the possibility of performing highprecision studies under different laser-ablation conditions, and could provide further insights in the study of lasergenerated plasmas. The method of TOF-corrected line shapes can be extended to perform high-precision studies on elements produced by other mechanisms with large energy spread, e.g., atoms or ions created in flight from the breakup of a molecular beam. Additionally, this method could offer a new alternative when performing highprecision studies on radioactive elements that are created in flight or extracted mainly as molecular species.
The importance of our results in nuclear, atomic, and fundamental physics was demonstrated by performing, for the first time, hyperfine-structure measurements of selected states of the indium atom. The magnetic dipole hyperfinestructure constants of the 8s 2 S 1=2 and 9s 2 S 1=2 states of the two naturally occurring indium isotopes,
113;115
In, as well as the magnetic dipole and electric quadrupole hyperfinestructure constants of the 5s5p 2 4 P 5=2 state of In, are measured for the first time. Additionally, we present the first measurements of the isotope shifts between
113
115
In in the 246.0-and 246.8-nm transitions. The importance of the new experimental results in the development of atomic many-body methods is highlighted by comparing with theoretical predictions. Relativistic coupled-cluster calculations in the singles and doubles excitation approximation are performed, including corrections over the Dirac-Coulomb Hamiltonian due to the Breit, triples, and lower-order quantum electrodynamic interactions. Our new measurement for the dipole hyperfine-structure constants of the 9s 2 S 1=2 state is shown to be particularly sensitive to the details of the atomic-physics calculations. These findings are important to test the reliability of manybody methods that are employed to determine matrix elements of the weak interactions in PNC and EDM studies. Benchmarked atomic-physics calculations are used to provide an accurate value of B hf =Q for the 2 P 3=2 state of the indium atom, allowing the extraction of accurate nuclear quadrupole moments of 113 In and 115 In from measurements of electric quadrupole hfs constants. These results establish new and reliable reference values for the extraction of nuclear quadrupole moments from hyperfine-structure measurements of radioactive indium isotopes. From all of the atomic transitions that have been studied in the indium atom, the 246.8-nm line studied in this work is shown to provide marked advantages that will be decisive for future studies of short-lived indium isotopes.
